ABSTRACT This paper introduces a hybrid maximum power point tracking (MPPT) technique for photovoltaic (PV) arrays working under partial shading conditions. This new algorithm can combine a traditional MPPT algorithm, such as perturb and observe, or incremental conductance, with the artificial neural network (ANN) technique. The proposed hybrid MPPT algorithm is based on the ANN and used to predict the global MPP region by estimating its voltage boundaries. Consequently, the conventional MPPT algorithm searches for the MPP in the predicted region. The proposed technique is modeled and simulated using MATLAB/Simulink. The results show the effectiveness of the proposed hybrid MPPT technique to track the global MPP accurately with a rapid response comparing to the ANN; this increases the output power level of the PV array under various shading patterns.
I. INTRODUCTION
In the last decade, the use of renewable energy sources has expanded rapidly for many reasons, including the dwindling conventional energy sources, environmental issues, and fossil fuel price dispersion. Solar-based photovoltaic (PV) arrays represent one of the most promising renewable energy resources. However, PV systems still face an important challenges compared with traditional energy resources because of their low efficiency and high cost. Moreover, PV arrays are nonlinear. Figure 1 shows the characteristics of a PV array under uniform irradiance levels. The output power of the PV array depends on the ambient PV cell temperature, solar irradiance, and load experienced by the PV array. Under uniform irradiance and for the same weather conditions, the output power of a PV array is a function of its terminal voltage. Hence, there is only one operating voltage that results in maximum power. The process of searching for this optimum voltage is called maximum power point tracking (MPPT) [1] - [5] .
Typically, a PV system comprises three main parts, as follows: the PV array, power electronics interface circuit, and load. Figure 2 illustrates a boost converter to interface a PV array comprising four modules with different irradiance levels. The main function of the power electronics circuit is to harvest the maximum power from the PV array, using the MPPT technique, and deliver it to the load and/or electrical grid [6] , [7] .
Usually, multiple panels are connected in either series or parallel combinations to obtain the load requirements. If some of these panels are shaded due to passing clouds or adjacent trees or structures, as shown in Fig. 3 , the shaded PV cells consume a certain amount of the power generated by the nonshaded PV cells. This consumed power is converted to heat, initiating a hotspot that may damage the shaded PV cells. The hotspot phenomenon can be eliminated by adding bypass diodes. However, the presence of bypass diodes used to avoid the hotspot problem changes the PV array characteristics [8] . Under the partial shading condition (PSC), the existence of the bypass diodes results in PV characteristics with multiple peaks, as indicated in Fig. 4 , instead of the single peak found in the uniform irradiance case. This characteristic may lead to operating the array at a local peak instead of a global peak, causing a reduction in the PV efficiency.
All conventional MPPT algorithms fail to seek the global peak under PSCs [9] , [10] . However, artificial intelligence (AI) techniques can be utilized to seek the MPP efficiently. Lian Lian Jiang et al. [11] employed the artificial neural network (ANN) technique, but this instance, the input of the neural network was the knee points of the I-V curve, and the researchers found it difficult to implement this approach. Subha and Himavathi [9] implemented another neural network technique, but the results of the ANN showed low accuracy [12] . This paper presents a new algorithm that combines a conventional MPPT technique with an AI one. The paper is organized as follows: The mathematical model of the PV array is presented in section II. Section III illustrates the behavior of the PV array under PSC. The new hybrid technique combines the perturb and observe (P&O) approach and ANN is discussed in section IV. The results for different simulation scenarios for the proposed technique are presented and discussed in section V. A comparative study between the proposed topology and the ANN technique introduced in [9] is presented in section VI. Finally, section VII concludes the paper.
II. MATHEMATICAL MODEL OF THE PV ARRAY
A PV array can be represented by the circuit shown in Fig. 5 . The PV array current for a number of panels connected in series and/or parallel combinations with each other is given by [13] :
Where:
I pv : currents of the PV array. The thermal voltage of the array is given by
Where: q: electron charge ≈1.6 × 10 −19 C. k: Boltzmann's constant ≈1.38 × 10 −23 J/K, T: temperature of the p-n junction in Kelvin.
The photovoltaic current I pv is given by
Where: I pv,n : nominal condition PV current (1,000 W/m 2 and 25 • C), G:
irradiance at the panel surface, G n :
irradiance under nominal conditions,
cells' short circuit current temperature coefficient,
The diode saturation current is given by:
Where: I o,n : nominal reverse saturation current, E g : band gap energy of the semiconductor (E g at 25 • C ≈ 1.12 eV for polycrystalline Si).
The nominal reverse saturation current can be given by:
Where: I sc,n : short circuit current under nominal conditions, V oc,n : open circuit voltage under nominal conditions. V t,n :
array thermal voltage at the nominal temperature T n .
The above equations are modeled and simulated using MATLAB/Simulink, and the simulation results are shown in Fig. 1 . This figure illustrates the P-V and I-V characteristics of the PV panel utilized in this paper under different levels of uniform irradiance. Note that the same model can be used to simulate the PV array characteristics under partial shading by connecting multiple panels in series and feeding them with different irradiances, as shown in Fig. 4 . 
III. PV ARRAY UNDER PARTIAL SHADING
Normally, a PV array comprises a large number of modules connected with each other in both series and parallel combinations. If there are several cells shaded within a module in a PV array, the array is said to be under PSC. Because the current of each PV cell inside a module depends on the solar irradiance, partial shading decreases the current for PV cells under shading, while the other unshaded cells produce high currents. Because the current flow through all the modules connected in series must be equal, this leads the cells under shading to operate in the reverse bias region and carry on the same current as the non-shaded modules as shown in Fig. 6 .
The cells under shading condition in the PV module absorb energy because of the reverse voltage across them. Consequently, the output power from the array is reduced. This energy is converted to heat, which may result in thermal breakdown of the shaded cells, causing a hotspot. Such thermal breakdown may cause cell breakdown, thereby generating an open circuit in the shaded PV string. This hotspot phenomenon can be eliminated using bypass diodes. The function of bypass diodes is to prevent the appearance of negative voltage. The bypass diode in Fig. 6 will work when the following equation is satisfied:
The cells in the partial shaded module do not have the same current in this situation, which leads to multiple peaks in the power-voltage characteristic curve (Fig. 4) . Therefore, conventional MPPT methods will fail to track the global maximum power point (MPP) because of the local peaks. AI techniques or hybrid techniques where conventional MPPT is assisted by AI methods need to be used [7] , [8] , [10] , [14] .
IV. THE PROPOSED HYBRID MPPT METHOD
As mentioned above, a power electronics converter is essential to connect PV arrays to the grid or load, as well as to execute the MPPT algorithm. There are different types of the DC/DC converters that can be utilized to carry out MPPT. In this paper, a boost converter is used. To explain the proposed technique, consider a string comprises four series PV arrays, each array is connected in parallel with a bypass diode, as shown in Fig. 7 . The schematic diagram for the proposed system is shown in Fig. 8 . Table 1 lists the parameters of the PV module employed in each array. To emulate the effect of partial shading, the irradiances of the four PV arrays are set to different values. The mathematical model described in section II is modeled using MATLAB/Simulink, and it is utilized to obtain the characteristics of the four series PV arrays under PSC shown in Fig. 9 . Figure 9 shows that there are four possible regions for the MPP voltage, as the PV string utilized in this paper consists of four PV arrays. The main idea of the proposed MPPT technique is to identify the global MPP region and recognize its minimum and maximum voltages using an AI technique. Consequently, one of the conventional MPPT methods, such as P&O or IC is utilized in this region to obtain the reference voltage, V ref [15] . In order to accomplish the above proposed technique, the ANN technique is employed to recognize the region owing the global peak. In addition, the P&O technique is utilized to allocate the optimal operating voltage inside the recognized region by controlling the duty cycle of the boast converter, as shown in Fig. 8 .
Large datasets are needed to train the neural network. To generate these datasets, the PV array is modeled and simulated in the MATLAB/Simulink environment under various shading conditions. Around 17,000 points are used to train the neural network utilized in this paper. The proposed ANN in this paper consists of three layers, as follows: an input layer with four different irradiance values for the four PV arrays as an input, a hidden layer containing 180 neurons, and an output layer with two outputs. The outputs of the ANN are the minimum and maximum voltages for the region with the global peak. The output signal from the ANN is used as an input for the next step. The next step is based on utilizing the P&O MPPT technique in the region bounded by the minimum and maximum voltages recognized by the ANN. This action guarantees reaching the global MPP and avoiding operation at local MPPs.
Consider V min and V max as the maximum and minimum voltages of the region recognized by the neural network, which form the boundaries of the global peak. Both Vmin and Vmax can be used as a starting point for the P&O algorithm. However, if V min is utilized to initiate the P&O algorithm, it has to search on the right side of V min ; the opposite is the case if the P&O algorithm is started from V max . In this paper, the P&O algorithm is initiated from V max , as illustrated in Fig. 8 . The grid is represented by a battery that is connected VOLUME 5, 2017 to the output terminals of the boost converter. The initial duty cycle of the boost converter can be given from:
The P&O starts searching from the initial duty cycle of the boost converter to reach the optimum reference voltage, which corresponds to the MPP. The proposed Hybrid MPPT is based on ANN and P&O algorithm. Therefore, the same limitations of the P&O algorithm for PV under uniform shading are considered. However, it can be overcome as in [16] .
V. SIMULATION, RESULTS AND DISCUSSION OF THE PROPOSED TECHNIQUE
In this section, the proposed hybrid MPPT technique is verified by various simulations under different partial shading patterns using the MATLAB/Simulink. In this section, three different shading patterns (SP1, SP2, and SP3) are considered for the PV array under partial shading, while one SP under uniform irradiance (SP4) is considered, as listed in Table 2 . The case of uniform irradiance (SP4) shows that the P-V curve has only a single peak, which leads to a simple detection for the MPP by directly utilizing any conventional method. However, in the other three cases of partial shading, there is a challenge in defining the global peak, as the P-V curve changes from a single peak to multiple peaks.
To verify the proposed technique, the system shown in Fig. 8 was modeled and simulated under different SPs, as discussed above. Each PV array consisted of two parallel strings, each of which comprised 15 series modules. Therefore, the maximum power of each array at nominal conditions (25 • and 1,000 W/m 2 ) was 6 kW. Figure 10 displays the MATLAB/Simulink model for the proposed system in Fig. 8 . First, the simulation was run to obtain the P-V characteristics for the four SPs described in Table 2 . Figure 11 illustrates the P-V characteristics under SP1 and SP4. It can be noted that for the scenario of SP1, the global MPP was located at 1,265 V, and the corresponding output power was 8,000 W. Under uniform irradiance of SP4, Fig. 11 demonstrates that the MPP was at 1,580 V and the corresponding output power was 24 kW. In contrast, Fig. 12 shows the P-V characteristics under patterns SP2, SP3, and SP4. A 10,750 W MPP for the pattern SP2 was attained at 1,690 V. In addition, the MPP for pattern SP3 was found at 1,650 V and 15,580 W.
Second, the simulation was run to check the steady-state and dynamic behaviors of the proposed hybrid MPPT technique. Figure 13 illustrates the dynamic response of the proposed technique in case of a sudden change in the SP from SP4 to SP1. Moreover, the P-V track during the change from SP4 to SP1 is displayed in Fig. 14 . The proposed hybrid MPPT technique controlled the PV terminal voltage at 1,580 V, and the output power was 24,000 W in the case of SP4, which corresponded to the MPP, as illustrated above (Fig. 12) . At t = 5 s, the SP suddenly changed to SP1. It is obvious that the proposed hybrid MPPT technique succeeded in locating the new MPP at 1,265 V, where the array power output changed to 8,000 W, in accordance with Fig. 11 . Moreover, the proposed hybrid MPPT technique succeeded in instantaneously controlling the duty ratio of the boost converter. As expected, the duty ratio was inversely proportional to the terminal voltage of the PV array.
Another test scenario is considered in Fig. 15 and Fig. 16 , where the SPs was changed from SP4 to SP2 at t = 3 s and from SP2 to SP3 at t = 6 s. When the system was operated at SP4, the proposed controller located the MPP at 1,580 V, and the corresponding output power was 24,000 W. When the operating condition was changed from SP4 to SP2, the proposed controller changed the MPP to 1,690 V and 10,750 W. Finally, when the operating pattern was changed from SP2 to SP3, the output power changed to 15,580 W, and the corresponding optimal operating voltage changed to 1,650 V. As in the previous scenario, the duty ratio was accurately controlled to track the MPP. It is clear that the VOLUME 5, 2017 FIGURE 15. P-V track during the change from SP4 to SP2 and then from SP2 to SP3. proposed hybrid MPPT technique succeeded in tracking the MPP with a rapid response under different SPs.
VI. COMPARISON STUDY OF THE PROPOSED HYBRID TECHNIQUE AND THE ANN TECHNIQUE
In order to clarify the performance improvement of the proposed hybrid technique, a comparative study between it and the ANN technique which presented in [9] is carried out in this section. The same set of data which used to train the ANN for the proposed hybrid technique is used to train an ANN to predict the optimum voltage which results in MPP directly. Consider two new shading patterns (SP5, SP6), as listed in Table 3 . It is worth mentioned that these two patterns are not included in the training data set. The training data set is generated form the PV model on MATLB. The same Simulink model described in the previous section is utilized and the proposed hybrid MPPT based ANN technique is replaced by an ANN with the same structure as the one used in the hybrid technique to control the boost converter. Moreover, the output of the ANN is the desired optimum voltage not the minimum and the maximum voltage of the region owning the desired optimum voltage, as explained in section IV. Knowing the optimum voltage leads to predict the desired duty cycle of the boost converter. The P-V track during the change from shading pattern SP5 to SP6 for both the hybrid and the ANN techniques are displayed in Fig. 17 . Initially, SP5 in applied and the MPP is located at 797V and the corresponding output power is 7451W. It is obvious that the proposed technique succeeds to operate at this point. On the other hand, the ANN operates at 840V and the output power is 7131W. When the shading pattern is changed from SP5 to SP6, the proposed technique locates the new MPP at 1264V and 9214W. However, the ANN fails to operate at this point and it operates at 1187V and 8880W. It is clear that the proposed technique accurately locates the optimum operating voltage and hence the system efficiency is effectively enhanced especially when the operating condition is not included in the training data set of the ANN. Fig. 18 illustrates the dynamic change in the output power, PV terminal voltage, and the duty cycle when changing over from SP5 to SP6 for both the proposed and the ANN techniques.
VII. CONCLUSIONS
There are various types of conventional algorithms that can be used to track the MPP, such as P&O and IC. However, these algorithms may fail to track the MPP under PSCs, and they may become trapped at a local peak. This paper presents an efficient hybrid algorithm for PV systems working under PSCs. A simplified ANN was proposed to obtain the region for the global MPP of the PV characteristics by estimating its boundary voltages, which varied with changes in the shading pattern on the PV array. After finding this region, a conventional method-namely P&O-was used to locate the MPP in the estimated region by adjusting the duty cycle of the boost converter. The results demonstrated the adequacy of the suggested hybrid MPPT technique in tracking the global MPP of the PV array with different partial SPs and under both steady-state and dynamic conditions. 
